Mechanical stresses on the myocyte nucleus have been associated with several diseases and potentially transduce mechanical stimuli into cellular responses. Although a number of physical links between the nuclear envelope and cytoplasmic filaments have been identified, previous studies have focused on the mechanical properties of individual components of the nucleus, such as the nuclear envelope and lamin network. The mechanical interaction between the cytoskeleton and chromatin on nuclear deformability remains elusive. Here, we investigated how cytoskeletal and chromatin structures influence nuclear mechanics in cardiac myocytes. Rapid decondensation of chromatin and rupture of the nuclear membrane caused a sudden expansion of DNA, a consequence of prestress exerted on the nucleus. To characterize the prestress exerted on the nucleus, we measured the shape and the stiffness of isolated nuclei and nuclei in living myocytes during disruption of cytoskeletal, myofibrillar, and chromatin structure. We found that the nucleus in myocytes is subject to both tensional and compressional prestress and its deformability is determined by a balance of those opposing forces. By developing a computational model of the prestressed nucleus, we showed that cytoskeletal and chromatin prestresses create vulnerability in the nuclear envelope. Our studies suggest the cytoskeletalnuclear-chromatin interconnectivity may play an important role in mechanics of myocyte contraction and in the development of laminopathies by lamin mutations.
Introduction
Mechanical behavior of the nucleus has gained recent attention as a potential link between mechanical stimuli and gene expression. [1] [2] [3] Mutations in lamins, the structural proteins of the nuclear envelope, yield a diversity of pathologies. 4 Ruptured nuclei are observed particularly in muscle and cardiac tissues of patients with laminopathy. 5, 6 This tissue specificity suggests that the nucleus may have a structural role within the cell in addition to simple compartmentalization. Elucidation of this role is difficult due to the complex, 7 and still controversial, 8 micromechanical environment of the nucleus.
The potential for the nucleus to serve as a mechanosensor and its role in the mechanism of disease in laminopathies have prompted several studies of nuclear mechanics. The material properties of the nuclear envelope of isolated nuclei have been measured by micropipette aspiration 9, 10 and atomic force microscopy (AFM) indentation. 11 Others have dissected the relative contributions of nuclear envelope proteins to nuclear stiffness within in vitro fibroblast laminopathy models. 12, 13 Physical interactions of the nucleus and the cytoskeleton were recently revealed suggesting that the nuclear mechanics can be influenced by the cytoskeleton.
14, 15 Tremblay et al. showed actin and microtubule filaments play critical roles in regulating the nuclear deformation in response to substrate strain. 16 However, it still remains unclear how subcellular structures including the cytoskeleton and chromatin regulate the mechanical behaviors of the nucleus.
The nucleus in cardiac myocytes deforms during normal cardiac contraction making nuclear deformability relevant to cardiac muscle function. We observed the rupture of the nucleus in living cells when the nuclear membrane was disrupted, which was similar to the rupture of isolated nuclei shown in Mazumder and Shivashankar. 17 We hypothesized that prestress generated by cytoskeletal and chromatin structures plays an important role in determining the stress distribution on the nuclear membrane in live cardiac myocytes. We measured the influence of the myofibrils on nuclear deformation both during cardiac contraction and diastole. We have pharmacologically disrupted actin filaments and microtubules to elucidate their contribution to nuclear shape and deformability. The experimental results for nuclei in cells were compared to those for isolated nuclei, which are free of prestress generated from cytoskeletal architecture. The role of chromatin on nuclear mechanics was also characterized by performing experiments after modifying chromatin structure by histone hyper-acetylation. By developing a computational model of the nucleus, we found that cytoskeletal prestress contributes to a non-uniform distribution of stress along the nuclear envelope. Our results suggest that interplay between the cytoskeleton, nuclear envelope, and chromatin plays an important role in determining the structure and mechanical properties of the nucleus.
Materials and methods

Cardiac myocyte harvest and culture
All procedures performed were conducted according to the guidelines of the Harvard University Animal Care and Use Committee. Ventricular myocytes were isolated from twoday-old Sprague Dawley rats as previously described. 18 Briefly, excised ventricular tissue was agitated in a 0.1% trypsin solution cooled to 4 C for approximately 14 h. Trypsinized ventricles were dissociated into their cellular constituents via serial exposure to a 0.1% solution of collagenase type II at 37 C for 2 min. The dissociated cell solution was passed through a nylon mesh with 40 mm pores to remove any non-digested tissue. The cell solution was then serially pre-plated in tissue culture flasks twice for 45 min each time to enrich the myocyte portion of the cell population. Isolated myocytes were seeded onto coverslips with patterned fibronectin substrates in culture medium consisting of Medium 199 base supplemented with 10% heat-inactivated fetal bovine serum (Invitrogen, Carlsbad, CA), 10 mM HEPES (Invitrogen), 0.1 mM MEM non-essential amino acids (Invitrogen), 20 mM glucose (Sigma Aldrich, St. Louis, MO), 2 mM L-glutamine (Invitrogen), 1.5 mM vitamin B-12 (Sigma), and 50 U/mL penicillin (Sigma). After 24 h of plating the cells were rinsed with PBS to remove any dead or non-adhered cells. On the second day of culture, the serum concentration of the medium was reduced to 2%. All experiments were performed after three days of cell culture.
Micropatterning extracellular matrix proteins on culture substrates
Cardiac myocytes were cultured onto 15 mm wide lines of extracellular matrix proteins as previously described [18] [19] [20] to mimic cellular morphology found in vivo. Briefly, polydimethylsiloxane (PDMS; Sylgard 184, Dow Corning, Midland, MI) was spun onto glass coverslips and cured overnight at 60 C. A photolithographic mask was designed using AutoCAD software (Autodesk, San Rafeal, CA) and used to make negative templates of the patterns on silicon wafers coated with SU 8-2 photoresist (MicroChem Corp., Newton, MA). Stamps were prepared by polymerizing PDMS on the patterned silicon wafer and inked for 1 h with extracellular matrix protein fibronectin (FN, Invitrogen). Immediately after drying by air, the stamps were microcontacted with the PDMS-coated glass coverslips for FN transfer. The stamped coverslips were rinsed with a 1% solution of Pluronic F-127 (BASF, Florham Park, NJ) to prevent cells from attaching to non-FN-coated regions.
Isolation of nuclei
Nuclei from cultured cardiac myocytes were extracted and purified similar to previous techniques 10, 17 with the following modifications. Myocytes were cultured on PDMS with 15 mm wide lines of micropatterned FN proteins. After trypsinization, they were washed two times with PBS and resuspended in a buffer of 10 mM HEPES (pH 7.4), 10 mM KCl, and 1.5 mM MgCl 2 . The cells were incubated at room temperature and then on ice for 5 min each. Afterwards, 0.5% Triton-X was added to the cell solution and mixed well using a vortex before incubation on ice for another 5 min. Nuclei were separated from cellular debris by centrifugation at 1200 r/min for 5 min. The resulting supernatant was discarded and the pellet of nuclei was resuspended in a physiological buffer consisting of 130 mM KCl, 1.5 mM MgCl 2 , 10 mM Na 2 HPO 4 , 1 mM Na 2 ATP, and 1 mM DTT. To potentiate the replenishment of ATP, 5 mM creatine phosphate and 0.05 mg/mL creatine phosphokinase were also added. Isolated nuclei were seeded onto PDMS-coated substrates treated with 0.01% poly-L-lysine for an hour to allow the nuclei to adhere to the surface.
AFM
Indentation, height, and force measurements were made with an atomic force microscope. The optical lever sensitivity of tipless silicon nitride AFM cantilevers (k$ 60 pN/nm, Veeco, Plainview, NY) was calibrated by deflection of the cantilever against glass in ambient air. Tip stiffness was calibrated thermally according to the Sader method 21 in air in MFP-3D software (Asylum Research, Santa Barbara, CA) on an MFP-3D-BIO AFM (Asylum Research) integrated with an Axiovert 200 inverted microscope (Zeiss). Nuclei in intact cells or isolated nuclei were located by fluorescent signal of 4'-6-diamindino-2-pheylinodole, dihydrochloride (DAPI, Invitrogen) and then probed from above with the AFM. Indentations were performed at a constant speed of 5 mm/s because mechanical response of the nucleus can vary depending on the speed due to its viscoelasticity. C. After three washes with PBS, the primary staining solution was added to the coverslips for 1 h. Depending on the molecule of interest, this included DAPI, fluorescein-conjugated phalloidin (Invitrogen), anti-a-actinin antibody raised in mouse (Sigma), antidesmin antibody raised in rabbit (Abcam, Cambridge MA), or anti-b-tubulin antibody raised in mouse (Developmental Studies Hybridoma Bank, Iowa City, IA). After three washes with PBS, the secondary staining solution was added, which included tetramethylrhodamine-conjugated goat-anti-mouse antibody (Invitrogen) and/or fluorescein-conjugated goat-anti-rabbit antibody (Invitrogen). In staining isolated nuclei, both primary and secondary antibodies were diluted in an intracellular buffer. Anti-Lamin B1 antibody raised in rabbit (Abcam) and antinucleoporin p62 antibody raised in mouse (BD Biosciences, Rockville, MD) were incubated with isolated nuclei for 1 h. Samples were visualized with a CCD camera (Coolsnap, Roper Scientific) integrated with IPLab on a Leica 6000DMIb (Leica, Wetzlar, Germany) inverted fluorescence microscope.
Pharmacological interventions
Non-sarcomeric actin filaments were disrupted by incorporation of 10 mM cytochalasin D (Sigma) to culture medium for 24 h. Microtubules were disrupted by addition of 33 mM nocodazole (Sigma) to culture medium for 2 h. Chromatin was decondensed by addition of 0.66 mM trichostatin A (TSA, Sigma) to culture medium for 4 h. Contractility was inhibited with addition of 10 mM blebbistatin (Sigma) to culture medium for 4 h. Rapid expansion of DNA by digestion of histone and DNA structural proteins was induced by treatment with 0.25% trypsin-EDTA (Sigma). Rho proteins were inhibited by incubating cells with 42 nM purified C3 transferase (Cytoskeleton, Denver, CO) for 4 h.
Muscular thin film (MTF) assay
Prestress applied to the nucleus was estimated by using the MTF assay developed in our lab. 22 Briefly, poly(Nisopropylacrylamide) (PIPAAm; Polysciences, Inc.) was spin coated onto 25 mm glass cover slips and PDMS was spin coated on top of the PIPAAm. After curing the PDMS coverslips at 65 C for 4 h, FN was patterned as 15 mm wide lines using microcontact printing. Isolated myocytes were seeded on the substrates and cultured in an incubator at 37 C and 5% CO 2 .
After culturing for four days after seeding, coverslips were removed from the incubator and transferred into a Petri dish filled with 37 C normal Tyrode's solution. The MTFs were cut using a straight-blade razor. By cooling the Tyrode's solution to room temperature, the PIPAAm dissolved and the MTF was released from the coverslip. The MTF was adhered to a stainless steel post-coated with polytetrafluoroethylene via hydrophobic interactions. Spontaneous contraction of the MTF was recorded on a stereomicroscope (Model MZ6, Leica microsystems, Inc.). Assuming the MTF as a plane strain beam consisting of a passive PDMS layer and a contractile cell monolayer, stresses generated by the cells were calculated by measuring the MTF's radius of curvature (See Alford et al. 22 for details).
Finite element modeling
Deformation and stress of the nuclear lamina were simulated using COMSOL Multiphysics 3.5 (COMSOL, Inc., Burlington, MA). The nucleus was modeled as a thin 3D axisymmetric ellipsoid whose stress-free configuration corresponds with the average dimensions measured in extracted nuclei (z ¼ 13.3 mm, r ¼ 10.15 mm) with a thickness of 25 nm. The large-strain constitutive behavior of the lamina is unknown, but it is assumed here to be nearly incompressible with the form
where W is the strain-energy density; I is the first strain invariant; A, B, and C are material parameters; is the bulk modulus; J is the elastic volume ratio; and p is a penalty variable. 23 A, B, C, and are assumed to be 83.3, 10, 83.3 kPa, and 1 MPa, respectively, in order to have the small strain (<10%) modulus approximate the measured 1 MPa Young's modulus of the lamina, 9 while also including the strain stiffening, common in structural proteins. [24] [25] [26] The nuclear interior is modeled as a pressure. The internal surface of the lamina is assumed to be under a positive pressure of 1 kPa, exerted by the compressed DNA. The external surface is under a complex traction exerted by axially aligned actin fibers and randomly oriented microtubules. The i th component of the traction (t i ) is defined as
where i ¼ r,z are the axes along the short and long axes of the nucleus, and are the values of the tension and compression due to the surrounding F-actin and microtubules, respectively. F is the deformation tensor, J is the determinant of F, and n is the unit vector normal to the undeformed surface. and are assumed to be 3 and 1.5 kPa, respectively, based on the experimental results of the MTF experiments, detailed in ''Results'' section. To simulate treatment with cytochalasin D, was set to zero. To simulate nocodazole treatment, and were set as 4.5 kPa and zero, respectively, to account for microtubule depolymerization and increased activity of Rho proteins. 27, 28 TSA treatment was simulated by raising the internal pressure to 3 kPa. Finally, to simulate the nuclear rupture, the internal pressure was set to 3 kPa. 29 For the in situ nucleus, we assume that actin and microtubules are intact so and remain unchanged. For the extracted nucleus, we let ¼ ¼ 0.
Nuclear envelope stress is reported as Von Mises stress, defined as
where J 2 is the second deviatoric stress invariant.
Analysis
All data and images were analyzed, statistics calculated, and plots rendered in MatLab (Mathworks, Natick, MA). Schematic images were produced in Adobe Illustrator (Adobe, San Jose, CA). Statistical comparisons were performed using one-way analysis of variance, followed by Tukey's least significant difference procedure to determine statistically different groups.
Results
Intracellular nuclear rupture
Previously, Shivashankar and colleagues 29 reported rapid decondensation of chromatin and rupture of the nuclear membrane and lamin network in isolated cell nuclei and hypothesized that compaction is an important factor in controlling nuclear stability. We serendipitously replicated this result in intact cardiac myocytes within an anisotropic, 2D engineered cardiac tissue. To cause the nuclear rupture, we treated live DAPI-stained myocytes with trypsin that is known as a general protease. Trypsin application caused cells to detach from the substrate, relaxing the nuclei. Nuclear rupture was observed in myocytes which still adhered to the substrate with their nuclei subject to prestress (Figure 1(a) ). In the experiments using TSA which is more specific in dissociating DNA, we could not observe nuclear rupture similar to what was seen with trypsin treatment.
The expansion of the front of DNA was measured along an axis perpendicular to the surface of the undisturbed nuclear envelope and fit to a power law of the form x$ t u , in which x represents the front position and t denotes time. The expulsion of chromatin from these localized failures is biphasic; at first, explosive, expanding with time raised to the u ¼ 10.27 AE 7.81 (std, n ¼ 20) power, then diffusive, with the front moving with u ¼ 1.06 AE 0.57 (std, n ¼ 20) (Figure 1(b) ).
Application of trypsin to isolated nuclei (Figure 2 (a) and (b)) caused a nuclear swelling defined by an increase in area (Figure 2(c) ) but with no significant change in nuclear aspect ratio (Figure 2(d) ). Compared to the nuclear rupture observed in live cells, the nuclear swelling of isolated nuclei occurred for a longer time without a significant change of nuclear shape.
The pressure generated by rapid expansion of chromatin caused distinctly different behaviors in intact and isolated nuclei. Inside the myocyte, nuclear failure initiated at a point of stress concentration resulted in rupture as opposed to a uniform and slow nuclear swelling as we and others 29 have observed in isolated nuclei. Given our observations, we hypothesized that prestress imposed by the cytoskeleton and chromatin renders the nucleus vulnerable to the observed failure and is responsible for the nuclear rupture observed during DNA decondensation.
Probing nuclear deformability with AFM indentation
To understand how the cytoskeleton and chromatin can influence nuclear mechanics, we cultured cardiac myocytes on micropatterned substrates and non-destructively indented their nuclei with tipless AFM cantilevers to measure stiffness. Forces with magnitude 40-80 nN were applied normal to the substrate over the nucleus (Figure 3(a) ), causing reversible deformation of the nucleus in the plane of substrate (Figure 3(b) to (d) ). AFM indentation consistently produced a force-indentation curve with initial nonlinearity followed by a linear region at higher forces, from which we calculated nuclear stiffness as the slope ( Figure  3(e) ). Although the measured stiffness is not just a material property of the nucleus itself, it represents the ability of the Myocyte myofibrils can stabilize nuclear deformation Myofibrils are serially aligned sarcomeres that shorten to induce myocyte contraction. Because the nucleus in cardiac myocytes is surrounded by myofibrils (Figure 4(a) ), we asked if spontaneous myofibril shortening affects nuclear mechanics. To investigate this, we monitored morphological changes of the nucleus by DAPI fluorescence during spontaneous contraction. We observed a mean extension of the longitudinal axis of 0.09 AE 0.02 mm and shortening of the transverse axis of 0.05 AE 0.05 mm (Figure 4(b) ). Despite large cell-to-cell variability, we find that the nucleus is consistently stretched along its long axis during contraction. This suggests that, as myofibrils contract, they apply tension not only to adjacent cells and their substrates but also to the nucleus. Coincident with this change in morphology, contraction also induces displacement of the nucleus away from the plane of the substrate, as measured by AFM deflection. A temporal profile of this motion reveals periodic displacements with an average amplitude of 154 AE 107 nm (std, n ¼ 20) at an approximate velocity of 1 mm/s (Figure 4(c) ). The mean height of nuclei from substrates was 2.18 AE 0.98 mm at diastole (std, n ¼ 20). Together, these data indicate that the physical connection of the nucleus to the cytoskeleton in cardiac myocytes has particular consequences such that the contraction stretches the nucleus in the direction parallel to the myofibrils, causing shortening in the transverse axis and modest protrusion normal to the plane of the substrate.
This cytoskeletal-nuclear coupling suggests that myofibrils may influence nuclear deformability. AFM indentation revealed that nuclei of myocytes treated with blebbistatin are stiffer than those in untreated myocytes (Figure 4(d) ). Blebbistatin inhibits myosin heavy chain ATPases. The increased stiffness of nucleus may be attributed to inactivation of myosins which can relieve stress of actin networks by allowing actin filaments sliding. 31 This effect is also evident in the geometry of deformation during indentation captured within the anisotropy ratio, defined as the ratio of the percent change in length of the nucleus in the longitudinal direction to the percent change in length in the transverse. The blebbistatin treatment caused the length changes in the longitudinal and the transverse direction to decrease from 2.1 to 0.9% and 7.5 to 3.8%, respectively. The decreased anisotropy ratio (Figure 4(e) ) indicates that deformation in the longitudinal direction, in the direction of the myofibrils, becomes more difficult relative to deformation orthogonal to the myofibrils. In the absence of blebbistatin, actin-myosin interactions stabilize nuclear deformation by allowing deformation along the myofibril direction. However, when nuclear integrity is disrupted by lamin mutations, the myofibrils may also contribute to nuclear failure by providing stabilization especially in the ....................................................................................................................... longitudinal direction and not in the transverse and hence create non-uniform stress in the nuclear envelope.
The cytoskeleton prestresses the nucleus, affecting its ability to deform
The cytoskeleton is a prestressed network and is physically integrated with the nuclear envelope. Thus, we sought to determine whether the nucleus is subject to prestresses similar to the cytoskeleton. The nuclear aspect ratio within intact cardiac myocytes was compared to that of nuclei extracted and seeded onto substrates ( Figure 5(a) ). Removal of the nucleus from its cellular microenvironment causes a decrease in aspect ratio, implying that the cytoskeleton actively exerts force to stretch the nucleus along the longitudinal axis of the cell. To resolve the contributions of individual cytoskeletal elements in the intact myocyte to this prestress, we applied cytochalasin D and nocodazole to disrupt actin filaments and microtubules, respectively, by shifting the polymers' dynamic equilibria toward depolymerization. 32 Cytochalasin D treatment causes the aspect ratio of the nucleus to significantly decrease ( Figure 5(a) ), while also decreasing the area of the nucleus (Figure5(b) ), implying that actin filaments are responsible for stretching the nucleus in the longitudinal direction of the myocyte. Nocodazole has no effect on the nuclear aspect ratio; however, it does cause the area of the nucleus to increase ( Figure  5(b) ), an effect which may be due to the dissolution of the microtubule organizing center (MTOC), which in striated muscle is organized in a cage-like structure around the nucleus and may restrain its physical dimensions. A previous report suggests enhanced activity of Rho when microtubules are chemically disrupted. 27 Thus, in a separate experiment we measured the changes in nuclear area when Rho was inhibited with C3 transferase and saw no significant change in the aspect ratio ( Figure 5(a) ), but a slight decrease in the projected area relative to controls ( Figure 5(b) ). To summarize, the nuclear area was reduced when the tensile load was reduced by chemical dissolution of the actin cytoskeleton or Rho inhibition and the area increased when the microtubule network, bearing compressive loads, 33 was chemically disrupted. These results suggest sensitivity of the nuclear mechanical state to the architecture and prestress of the cytoskeletal network.
While the ability of the nucleus to deform is commonly believed to be due to the mechanical properties of the nuclear envelope, our data suggest that connectivity with the cell cytoskeleton may also influence nuclear deformability. Therefore, we assessed the contribution of individual constituents of the cytoskeleton to the measured values of nuclear stiffness. At the concentration and incubation duration employed here, cytochalasin D disrupts only non-sarcomeric actin filaments, as previously reported. 34 This allows the contribution of polymerized actin to be assessed in the presence of structurally intact myofibrils. While intact, the myofibrils visualized by actin and a-actinin staining appear to have collapsed from their normal linear parallel conformation (Figure 6(a) ) into a wavy pattern ( Figure  6(b) ). The dense microtubule networks normally observed (Figure 6(c) ) are absent after nocodazole treatment, with only remnants of the MTOC visible (Figure 6(d) ). After isolating nuclei from cardiac myocytes, immunostaining of the nuclear pore complex and nuclear envelope demonstrated that isolated nuclei remain physically intact ( Figure 6(e) ).
We measured the stiffness of the nucleus after these chemical disruptions of the cytoskeleton in the intact myocyte and in the isolated nuclei (Figure 6(f) ). Depolymerization of actin filaments resulted in a 47% loss of apparent stiffness of the nucleus during indentation. Thus, actin fibers and the asymmetric tension they apply resist outward transverse deformation of the nucleus. We also measured the effect of the microtubule network on nuclear deformability by applying nocodazole. As a result, depolymerization of microtubules increased the apparent stiffness of the nucleus by 86%. Microtubules apply compression to the nucleus, which competes with the tension applied by actin, as seen earlier. Thus, when microtubules are disrupted, the nucleus enlarges, relieving some of its prestress. Further expansion driven by indentation is therefore difficult and requires stretching of the nuclear envelope polymer network. We measured a 12% decrease in nuclear stiffness when inhibiting Rho with C3 transferase. The cumulative effect of the cytoskeleton on nuclear stiffness can be investigated by comparing the mechanical response of the nucleus to AFM indentation within the myocyte to its response when isolated from the cell by dissolution of the membrane and cytoskeleton and extracting the nucleus. Although structure or physical properties of the nucleus might be altered by the extracting protocol, the stiffness of isolated nuclei was measured to be higher than that of intact nuclei with cytochalasin D treatment, lower than that of intact nuclei with nocodazole treatment, and similar to that of intact nuclei without any treatment. These results suggest that both compression and tension applied to the nucleus by the cytoskeleton have a considerable influence over the ability of the nucleus to deform and the nucleus is under a balance of those opposing forces.
Chromatin structure affects nuclear mechanics
We asked how the internal structure of the nucleus affects nuclear mechanics. Chromatin tightly interfaced with histones provides structural rigidity to the nucleoplasm. 35 Acetylation of histones mediates the association of DNA with histones and is maintained by an equilibrium of acetylation and deacetylation enzymatic activity. 36 While histone acetyltransferases acetylates lysine on histones, histone deacetylases (HDACs) remove acetyl groups from histones, allowing interaction with DNA. The influence of the association of chromatin with histones on nuclear deformability can be tested by application of the HDAC-inhibitor trichostatin A (TSA). 37 Prior to indentation by AFM, TSA was added to the culture medium of cardiac myocytes for 4 h. The relaxation of the association of DNA with histones produced a smoother texture of DAPI-stained nuclei in cultured myocytes (Figure 7(a) and (b) ), reflecting a shift toward less condensed DNA. Indentation revealed that the dissociation of DNA from histones by TSA results in a 56% decrease in nuclear stiffness (Figure 7(c) ), which is similar to the results observed in Krause et al. 30 This may be attributed to decondensation of the nucleus by DNA unwinding or dissociation from histones, as indicated by a significant increase in nuclear area after treatment with TSA ( Figure 7(d) ). These results suggest that the nuclear shape and stiffness are a function of both the polymer networks inside and outside of the nuclear envelope.
Prestress creates vulnerability in the nuclear envelope
To further understand the effects of the cytoskeleton and chromatin prestress on nuclear mechanics, we developed a numerical model of the nucleus. The nucleus is modeled as a thin axisymmetric ellipsoid whose main load bearing structure is the nuclear lamina. Load is applied to the nucleus as a uniform internal pressure by DNA, external pressure by microtubules, and uniaxial pressure by actin microfilaments, as detailed in '' Materials and methods'' section ( Figure 8) . To determine the values of the stresses applied to the nucleus, we employed an MTF assay in combination with pharmacological interventions. During diastole, the MTF shows a baseline curvature due to the resting tension (Figure 9(a) ). The radius of curvature decreases during systole, as a result of contractile forces by cardiac myocytes (Figure 9(b) ). MTF contractions were monitored until spontaneous contractions stopped after adding 10 mM cytochalasin D and 33 mM nocodazole. Cytochalasin D treatment significantly decreased both peak systolic and diastolic stress in a short time ( Figure  9(c) ). In contrast, nocodazole treatment did not change peak stress in the short time and increased diastolic stress (Figure 9(d) ). At the end of experiments, diastolic stress increased by 3.0 kPa in nocodazole treatment while it decreased by 3.1 kPa in cytochalasin D treatment ( Figure  9(e) ). We assume the changes in diastolic stress correspond to cytoskeletal prestress generated by actin filaments and microtubules in cytochalasin D and nocodazole experiments, respectively.
The nucleus model was developed by using the results obtained in MTF experiments with the assumption that the nucleus bears the same stress as the cytoskeleton. Within the model, pharmacological interventions are represented as removal or increase of cytoskeletal stress or internal pressure, consistent with the mechanism of the respective intervention ( Figure 8 , see ''Materials and methods'' section for details). When the MTF-determined actin and microtubule stress values were implemented in the model, stress modulation due to pharmacological intervention resulted in changes in nuclear aspect ratio and area consistent with those observed experimentally (Figure 10) . Thus, the model suggests that cytoskeletal and chromatin prestress may explain the experimentally observed changes in nuclear morphology. Further, we performed a parameter study in the model and found that reasonable values of the material parameters and applied stress do not significantly change the qualitative results of the model (Supporting Information), demonstrating the robustness of this hypothesis.
We experimentally observed localization of nuclear rupture preferentially occurring along the transverse face of the nucleus, as opposed to the longitudinal (Figure 11(a) ). Because material failure begins as a localization of stress, the model was implemented to predict accumulation of stress and biased sites of failure within the nuclear envelope. Using the model, we calculated the Von Mises stress of the lamina, which represents the total distortion energy of the nuclear envelope. The nucleus will begin to yield as Von Mises stress approaches the yield strength of the lamina. Thus, increased Von Mises stress is indicative of an increased likelihood of nuclear rupture.
Our model predicts that nuclear geometry and external loads applied by the cytoskeleton lead to stress concentrations on the transverse face of the nucleus. In the isolated nucleus, due to geometry, the internal pressure pushing outward creates a concentration of stress along the transverse side of the nuclear envelope (Figure 11(b) ). Therefore, the consistency of failure observed experimentally along the transverse face may be due to high stress state on that face. Greater asymmetry in nuclear shape causes a larger localization of stress upon loading from expanding DNA. Intact nuclei, where prestress maintains a larger nuclear aspect ratio than that of isolated nuclei, will have a more pronounced stress concentration. Additionally, the orthotropic traction field applied in the direction of the long axis of the cell by actin fibers induces increased tension at the transverse wall of the nucleus, leading to a sharply increased Von Mises stress (Figure 11(b) ) and susceptibility to failure at that point. Thus, the prestress imposed on the nucleus by the cytoskeleton and by chromatin can have detrimental consequences, such as this vulnerability exploited through extreme loading by expansion of chromatin and weakening of the nuclear membrane.
Discussion
The cell nucleus may have a functional role in maintaining the mechanical integrity of the cell. Recent studies have focused on the molecular constituents of nuclear structure, with the implication that their dysfunction can result in cellular and tissue dysfunction. 1 While the material properties and structural configuration of the nuclear envelope are Figure 8 Computational model for the nucleus under the load applied by polymerized actin, microtubules, and DNA on the nuclear envelope critical determinant of nuclear deformation, there are additional structures and processes, equally critical, which affect nuclear mechanics. By using the pharmaceutical agents of cytochalasin D and nocodazole to disrupt actin and microtubule cytoskeletal networks, respectively, we found that the prestress they impose on the nuclear envelope alters nuclear morphology and deformability. We expect a stabilizer of cytoskeletal networks will cause the opposite effect on the nuclear mechanics compared to a destabilizer. For example, a treatment with Taxol that prevents depolymerization of microtubules will cause both the nuclear size and stiffness to decrease due to the maintained ....................................................................................................................... compression stress by microtubules. We have also observed that chromatin structure, specifically the association of DNA with histones as mediated by HDACs, also impacts nuclear mechanics and the state of prestress in which the nucleus is held. The implications of chromatin structure on nuclear mechanics may be particularly dramatic if the decondensation of chromatin occurs when the nuclear envelope becomes fragile due to lamin mutations. The cumulative effect of the cytoskeleton and chromatin prestress is an asymmetric nuclear shape and non-uniform stress distribution on the nuclear envelope. These might cause the nucleus to be vulnerable to changes in the mechanical environment of the heart, which are caused by both physiological and pathological processes.
There is evidence for advantages to maintaining prestress within the cell. In general, a prestressed cytoskeletal network provides stiffness and stability to the cell, vital to cellular survival, structure reorganization, motility, and contraction. [38] [39] [40] Tensile cytoskeletal fibers are efficient transducers of mechanical signals over long distances, possibly used for signaling between substrate, cell periphery, and the nucleus. 41 On the other hand, we demonstrated that cytoskeletal prestress can cause the intercellular nuclear rupture when the nuclear structure is disrupted by trypsin. As a non-specific protease, trypsin disrupted the nuclear membrane and diffused into the nucleus to cleave histones and other structural proteins including the lamin network. However, decondensation of chromatin itself by TSA treatment was not sufficient to cause the membrane rupture with the following rapid escape of chromatin. It suggests that the nuclear rupture is a consequence of the combination of defects in the nuclear membrane, expansion of the chromatin, and cytoskeletal tensional prestress. The nuclear membrane ruptures at the transverse face of the nucleus, where stress is concentrated, and cytoskeletal tension lead to a rapid outburst of genetic material from the nucleus in a short timescale. Despite the fact that the cell nucleus is large compared to other subcellular structures, the mechanical role of the nucleus within the cell is still poorly understood. The physical integration of the cytoskeleton, nucleus, and intranuclear structures, 15, 41 as well as some of the molecular constituents 7, 14 of these connections, has been previously studied. However, the biomechanical implications of the integration of the nucleus, which is a prestressed continuous network spanning $ 10 mm, to the $10 nm sized fibers of the cytoskeleton in cellular mechanics remain unknown. There are interesting implications for the inclusion of the nucleus in the cytoskeletal network as a mechanical conduit for mechanotransduction. The nuclear lamina is a non-linear elastic network, as are other intermediate filaments and many biopolymers. 26 Rheological experiments on gels of reconstituted lamin B1 protein also indicate that lamins are non-linear polymers that strain harden. 42 As the cytoskeleton actively deforms the nucleus to adopt a different morphology, it may be simultaneously changing the apparent stiffness of the strainhardening nucleus. The nucleus can then be viewed as a malleable component of the cytoskeletal network with a tunable stiffness. As the cytoskeleton can adapt its contractility to external stimuli, 43 the adjustment of nuclear stiffness is another potential cellular response.
The influence of the cytoskeleton and chromatin on nuclear mechanics provides insight into how mutations in nuclear envelope structural proteins result in disease. There is some evidence that suggests mutations in the lamin proteins disrupt the stability of nuclear structure. Recent experiments found that cells lacking lamins A/C gene (LMNA) showed large nuclear deformation under mechanical strain. 12, 13 These defective nuclear mechanics can cause a direct rupture of the nucleus or interrupt cellular functions indirectly through nuclear mechanotransduction. Due to the mechanical interconnectivity seen here between the nucleus and the cytoskeleton, localized defects in the nuclear membrane can propagate to dysfunction elsewhere in the cell, both to the internal chromatin or externally to the cytoskeleton. Our conception of nuclear mechanics should not be limited to quantification of nuclear stiffness itself but should also include understanding interactions of the nuclear envelope with the cytoskeleton and chromatin.
In summary, we investigated how cytoskeletal prestress regulates nuclear shape and stiffness in cardiac myocytes. We observed the nuclear rupture as a result of imbalanced prestress exerted on the nucleus when the structural integrity of the nuclear membrane was damaged by a protease. Through AFM measurements with pharmacological intervention, we showed nuclear deformability is altered by tensional and compressional prestress generated by the cytoskeleton and chromatin architecture. Our experimental results suggest that the mechanical behavior of the nucleus is determined by the interplay between the cytoskeleton, nuclear envelope, and chromatin. We also developed a computational model of the nucleus under prestress and found that prestress generates stresses on the nuclear envelope, which might be vulnerable to internal/external forces during laminopathies.
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